Fusion power plants need larger scale and higher field superconducting magnets than the ITER magnets. Therefore, higher current superconductors with high strength against strong electromagnetic forces are needed. In order to examine the superconducting properties of such large conductors in real conditions, we are preparing a new test facility that is equipped with a solenoid coil of the highest field of 13 T with the bore of 0.7 m, a pair of temperature-variable current leads, and a vacuum chamber for conductor samples. The highest field can be increased to 15 T by installing an additional coil with the cold bore of 0.6 m. Since the inlet temperature of the samples can be varied from 4.4 K to 50 K, it is possible to examine properties of advanced conductors at actual operating temperatures including high-temperature superconductors. We propose coil-shaped conductor samples instead of straight samples in order to apply electromagnetic hoop forces on the conductors to realize the real condition. A reference design of a sample for a cable-in-conduit conductor is provided.
Introduction
High field and high current superconductors are needed for future fusion reactors. Degradation of critical currents of superconductors by electromagnetic forces was observed in the Nb 3 Sn conductors for the ITER-TF and CS coils [1] . Degradation should be more serious in the higher field magnets. Therefore, high field test facilities are necessary to examine the conductors for fusion reactors in real conditions. Large compressive strain is induced in Nb 3 Sn strands in cable-in-conduit (CIC) conductors because of smaller thermal contraction of Nb 3 Sn than the conduit from the heat treatment at 900 K to 1,000 K for production of A15 phase. Then, the hoop force on the conductor is considered to improve the critical current by reduction of the compressive strain in the superconductor. In addition, the hoop force is expected to suppress the degradation of the critical currents observed in straight samples for the ITER-TF and CS coils, in which buckling and cracking of the Nb 3 Sn strands occurred in the high field region [2] . It is considered that the longitudinal slippage of the strands against the conduit is induced by large variation of the background field along the conductor and that the slippage accelerates the failures.
We propose coil-shaped conductor samples instead of straight samples in order to apply electromagnetic hoop forces on the conductors. The outer dimension of the con- ductors of 100 kA class is considered to be close to 50 mm. According to the achievements [3, 4] , the minimum bending radius of CIC conductors is preferred to be longer than 5 times the outer dimension to prevent large deformation of the cross-section. Therefore, the necessary bore for the conductor samples of 100 kA class is longer than 0.6 m. Considering reuse of the existing cryostat, we select a pool-cooled solenoid coil as the external field coil to attain a large bore with the restricted outer diameter. At present, a solenoid coil of the highest field of 13 T with the cold bore of 0.7 m is being manufactured. The highest field can be increased to 15 T by installing an additional coil with the cold bore of 0.6 m. We are preparing a new test facility that is equipped with the coil, temperature-variable current leads and a vacuum chamber for conductor samples. In this paper the concept of the new test facility, the design of conductor samples, and testing conditions are discussed.
External Field Coil
In order to reduce the outer diameter of the external field coil with a fixed inner diameter by increasing the coil current density, a pool-cooled and closely wound coil is selected, and cylindrical supports with high strength are adopted. The design concept and the criteria of the coil are as follows: (1) Two grades of conductors, NbTi and Nb 3 Sn are adopted for outer and inner coils, respectively. The highest field in the outer coil is lower than 7 T for NbTi conductor to attain the high current density. 3 Sn by the electromagnetic force is less than 0.35% to maintain high critical currents [5] .
Two rectangular monolithic conductors of Nb 3 Sn and NbTi are selected from commercial lineups for the early construction. Since the large current is preferred to reduce the shut-off voltage, the largest conductors in the lineups are selected. The copper ratio of the Nb 3 Sn conductor is set at 0.9 to attain the temperature margin of more than 2 K at 15 T at the operation current of 761 A. In order to reduce the shut-off voltage, the copper ratio of the NbTi conductor is set at 2.4, and the dumping time constant of the outer coil is elongated than the inner coil.
As shown in Fig. 1 , the halves of inner and outer coils are divided into four and three blocks, respectively. All the blocks are supported by own supporting cylinders, the thicknesses of which are 15 mm, 14 mm, 11 mm, 7 mm, 6 mm, 7 mm, and 8 mm from the inside. The length of the innermost block of the outer coil, Out1 is shortened to suppress the highest field lower than the next block, Out2. The layer/turn numbers of the coil blocks are 12/89, 12/78, 12/83, 12/83, 10/58, 16/116, and 16/116 from the inside. The turn numbers of coil blocks are optimized to minimize the total number of drums of conductors. The final design is listed in Table 1 . The total magnetic stored energy is 
Setup of Test Facility
Precise measurements of critical currents or current sharing temperatures are needed for the evaluation of the degradation of superconductors. Then, we are preparing a new test facility that is equipped with a pair of temperaturevariable current leads and a sample case inside the external field coil, as shown in Fig. 2 . The sample is hungered from the current leads with copper busbars, and the assembly is installed in the sample case that is evacuated for thermal insulation. The nominal sample current is 50 kA because the current feeder lines are connected to two 25 kA unit banks of the existing power supply that consists of three 25 kA unit banks [6, 7] . Therefore, sample current can be increased up to 75 kA by installation of additional current feeder lines.
The planned cooling flow of the facility is shown in Fig. 3 . The conductor sample and the current leads for the sample are cooled with pressurized gaseous helium, the supply temperature of which is variable from 4.4 K to 50 K by mixing the supercritical helium at 4.4 K and gaseous helium at medium temperature [8] . The external field coil is cooled with liquid helium, and its current leads are cooled with helium vapor. From the experiences for the existing 9 T split coil, the weight of which is 3 tons, it will take one week to cool down the external field coil and more than four weeks to warm up. Therefore, the samples are designed to be cooled down and warmed up independently from the external field coil. After finishing a test of a sample, the liquid helium in the cryostat is fully evaporated. After that, the sample can be extracted by filling helium Fig. 2 Setup of the new test facility with the 13 T -0.7 m external field coil and a conductor sample. gas in the sample case, and a new sample can be installed subsequently. Then, the necessary testing period for one sample is expected within two weeks that include installation of 2 days, cool-down of 4 days, testing of 4 days, and warm-up of 4 days. Figure 4 shows a reference design of a coil-shaped conductor sample. The ITER-TF conductor is considered here. In order to withstand the electromagnetic force by itself, the conductor is supported by a rigid outer supporting ring, as well as the two feeders are firmly clamped to each other to cancel the force. The preferred turn number of the sample is two or higher to apply uniform tension by the electromagnetic force on the strands in the testing region.The necessary thickness of the supporting ring, t SS is given approximately by
Design of Test Samples
where I, B 0 , a 0 , S m , A conduit , and L are the sample current, external field at the sample, bending radius of the sample, allowable stress, cross-sectional area of the conduit, and winding pitch length of the conductor. The parameters of the reference design for the case of 50 kA at 13 T are listed in Table 2 . Considering the strength of the conduit of the CIC conductor, the thickness of the outer supporting ring can be reduced. We propose a screw-shaped groove to enlarge the occupied area of the ring with a fixed outer diameter, as shown in Fig. 4 . Before the heat treatment for production of Nb 3 Sn, the sample is inserted in the groove of the ring with being rotated. Ceramic electrical insulation is lapped on the conductor. The structure of the terminal is planned to be similar to the ITER conductors [9] . The Nb 3 Sn strands are compacted and clamped with a copper plate and a stainless steel plate before the heat treatment. Since the electromagnetic force on the vertically bent section in the feeder induces the overturning force, the supporting ring is fixed from the inside with an inner support that prevents the rotation of the ring, as shown in Fig. 4 . The magnetic field distributions in the middle horizontal plane and at the radius of the sample are shown in Figs. 5 (a) and 5 (b), respectively. In the case of the highest field of 13.0 T without In1, the central field is 11.12 T at the operation current of 765 A, and the field at the sample position, where is the radius of 0.30 m, is 12.41 T. Since the self-field of the sample is ±0.5 T for the conductor shown in Table 2 , the highest field in the sample is almost 13.0 T. In the case of the highest field of 15.0 T with In1, the central field is 13.34 T at the operation current of 761 A, and the field at the sample position, where is the radius of 0.25 m, is 14.45 T.
Since the vertical magnetic field, B z is gradually higher and higher toward the inner surface of the external field coil, the off-centering of the conductor sample induces the horizontal force. In the case of small offcentering by ∆x in x-direction, the radius of the shifted conductor sample is given by a 0 + ∆x · cos θ, and the offcentering force, F x is given by
where θ and r are the angle from x-axis and radius from the center. In the case of the highest field of 13.0 T, dB z /dr at r = 0.3 m is 5.2 T/m. Then, the off-centering of 1 mm induces the horizontal force of 47.1 N for the sample current of 50 kA. The off-centering force is sufficiently smaller than the main hoop force. In order to reduce the net horizontal force on the conductor sample, it is important to optimize the route and figure of the two feeders.
Summary
In order to examine the superconducting properties of high-current conductors for fusion power plants in real conditions, we are preparing a new test facility that consists of a solenoid coil of the highest field of 13 T with the bore of 0.7 m, a pair of temperature-variable current leads and a vacuum chamber for conductor samples. The highest field can be increased to 15 T by installing an additional coil with the cold bore of 0.6 m. The nominal sample current is 50 kA, and the inlet temperature of the samples can be varied from 4.4 K to 50 K. Since the conductor sample is cooled independently, the necessary testing period for one sample is expected within two weeks. A reference design of a coil-shaped conductor sample is proposed. A twoturn conductor is inserted in a supporting ring to withstand large electromagnetic force by itself, and the two feeders are firmly clamped to each other to cancel the force.
